Background Road injuries are among the ten leading causes of death worldwide and also impede economic wellbeing and macroeconomic performance. Beyond medical data on the incidence of road injuries and their resulting morbidity and mortality, a detailed understanding of their economic implications is a prerequisite for sound, evidence-based policy making. We aimed to determine global macroeconomic costs of road traffic injuries and their cross-country distribution.
Introduction
Road traffic injuries are among the ten leading causes of death worldwide, and they are the leading cause of death among young adults aged 15-29 years. 1 Such accidents also lead to 20-50 million non-fatal injuries, and many people incur a disability as a result of their injury. 2 According to WHO, 1·25 million people worldwide died in road traffic accidents in 2013. 1 To provide some context, this figure is more than five times the death toll of the 2004 Indian Ocean tsunami, 3 one of the deadliest natural disasters ever recorded. The worldwide prevalence, incidence, and mortality of road injuries are shown in detail in the appendix (pp 1-2).
Although the human burden in terms of pain and suffering of those affected by road accidents-the victims, their families, and their friends-is beyond quantification, these accidents also inflict a large economic toll. Understanding the macroeconomic burden of road injuries and how they are distributed among world regions and countries is essential for policy making.
The published literature on the consequences of road injuries broadly comprises two strands. One strand deals with the effectiveness (in terms of saving lives) of global interventions in reducing road injuries. 4 Although some studies derive measures of cost-effectiveness, 5 they focus on the cost of the intervention but do not assign a monetary value to the loss arising from road injuries. Establishing such a value (ie, the economic burden of road injuries) is the focus of the second strand. Although a few studies [6] [7] [8] [9] [10] [11] [12] have estimated the economic burden of road injuries for one or a small number of countries, most of these approaches are based on aggregating the direct and indirect costs of road traffic accidents in different countries (the cost of illness approach) or on multiplying the cases of injuries and deaths due to road traffic accidents by the willingness of individuals to pay to avoid risks (the value of statistical life approach). However, in real economies, jobs do not remain vacant indefinitely, because companies substitute lost labour with new workers or machines (physical capital). Furthermore, approaches to date have been static and have, therefore, failed to account for the dynamics of morbidity-related and mortality-related changes in the population and the implications of treatment costs for savings (and, thus, the accumulation of capital).
A World Bank study 13 infers growth effects from the coefficient estimate of mortality in growth regressions. The advantage of this approach is that, when the regression is appropriately specified, the estimated growth effect is clear from the final result, which already incorporates economic adjustment mechanisms. Because they use panel data, these growth regressions are naturally dynamic. Consequently, this method overcomes some of the crucial shortcomings of the cost of illness and value of statistical life approaches. However, this approach only allows for assessment of severe diseases that affect many people (such as cardiovascular diseases). Detecting a significant growth effect for less impactful diseases is difficult, given the small sample sizes that typically underly growth regressions. 14 Thus, the World Bank study 13 does not include road traffic mortality directly but instead includes overall mortality in the regressions and infers from this number the effect of road traffic-related mortality. Furthermore, growth regressions are susceptible to imprecise parameter estimation and to various biases
Research in context
Evidence before this study We searched MEDLINE, PubMed, Google Scholar, and references from relevant articles using the search terms "road injury" (or "road traffic injury") and "economic burden" (including the variants "economic cost" and "economic loss") in the title or abstract. Articles dated between Jan 1, 1960, and March 1, 2018, were included in this search. Previous approaches were based on aggregating the direct and indirect costs of road traffic accidents in different countries (the cost of illness approach) or on multiplying the cases of injuries and deaths due to road traffic accidents by the willingness of individuals to pay to avoid risks (the value of statistical life approach). However, in real economies, jobs do not remain vacant indefinitely, because companies substitute lost labour with new workers or machines (physical capital). Furthermore, approaches to date were static and failed to account for the dynamics of morbidity-related and mortality-related changes in the population and the implications of treatment costs for savings (and, thus, the accumulation of capital). One study improved on previous approaches by implicitly considering some of these effects and using growth regressions to estimate the macroeconomic effects of road injury for five countries. However, growth regressions might lead to biased estimates because of reverse causality and omitted variables. Use of a simulation model grounded in dynamic macroeconomic theory can address these disadvantages and provide complementary estimates. Additionally, we did not encounter any research that estimated and projected the macroeconomic costs for all the countries in the world.
Added value of this study
We used a theory-based simulation model that describes how the sum of workers, weighted by their human capital in terms of education and experience, combine with physical capital in producing goods and services to estimate the macroeconomic burden of road injuries for 166 countries. We simulated the projected effects of road injuries on the underlying economies' production potential (ie, measuring the cost of injuries in terms of gross domestic product [GDP]) and accounted for economic adjustments in response to road injury casualties, more inclusive measures of economic loss than earnings, which constitute only one part of GDP, the effects on human capital differentiated by age-specific experience and education levels, and the effects on physical capital caused by a reduction in savings. We found that road injuries will cost the world economy about US$1·8 trillion (measured in constant prices as of 2010) in 2015-30. The macroeconomic tolls of road injuries distribute differently among regions and countries. The highest aggregate economic burdens occur in the USA ($487 billion), China ($364 billion), and India ($101 billion), which have the three largest populations in the world. Our results also indicate that treatment costs and their effects on savings and physical capital accumulation have a greater role in high-income countries than in low-income countries. More than 30% of the total economic burden from road injuries derives from physical capital loss in high-income countries, whereas physical capital loss accounts for less than 5% of the total economic burden in low-income countries. The macroeconomic burden of road injuries varies by World Bank income group. Despite the large fraction of disability-adjusted life-years (DALYs) that accrue in low-income and middle-income countries (almost 90%), their share of the economic burden of road injuries is only 46·4% of the global loss, reflecting not only higher productivity (and earnings) in high-income countries, but also higher treatment costs.
Implications of all the available evidence
This analysis suggests that the macroeconomic burden of road injuries is large and distributed unequally across countries and world regions. High-income countries have the highest macroeconomic burden of road injuries, whereas low-income and middle-income countries bear the greatest health burdens. This disparity of distribution might be driven by differences in economic development, where the productivity is higher and the workforce is better educated in high-income countries, leading to a larger loss of human capital from road injury, and more advanced health-care systems reduce the loss in DALYs but come at much higher treatment costs. Although the macroeconomic burden of road injuries on low-income countries is relatively light, it is likely to rise in the course of economic development if the growth in motorisation and traffic density outpaces development of infrastructure and law enforcement. The fact that low-income and middle-income countries bear the majority of the human toll underscores the need for improvements on multiple fronts, including infrastructure, law enforcement, public awareness, and emergency response systems.
when sparse data on important control variables (eg, fertility and trade openness) are available. 15 This World Bank study 13 also focused on the macroeconomic effects of road injuries for five countries; therefore, a comprehensive global estimate of the macroeconomic burden of road injuries, based on the simulation of an economy's productive capacity at the aggregate level and the extent to which road injuries affect the productive capacity, is still needed.
To fill this gap, we aimed to use a theory-based simulation model that describes how the sum of workers, weighted by their human capital in terms of education and experience combines with physical capital in producing goods and services 16 to estimate the macroeconomic burden of road injuries.
Methods

Model description
We simulated the projected effect of road injuries on the underlying economy's production potential (ie, measuring the cost of injuries in terms of gross domestic product [GDP]). In doing so, we accounted for (1) economic adjustments in response to road injury casualties; (2) more inclusive measures of economic loss than earnings, which constitute only a part of GDP;
(3) the effect on human capital differentiated by agespecific experience and education; and (4) the effect on physical capital caused by reduced savings from those injured individuals, because a proportion of the costs of treating road accident-related injuries could have gone into savings if no road injury had occurred. 17 This approach has previously been used to assess the macroeconomic burden of non-communicable diseases in east Asian countries and the USA. [18] [19] [20] We estimated road injuries' effect on economic output for 166 countries. The definition of a road injury follows the Global Burden of Diseases, Injuries, and Risk Factors Study's (GBD's) injury codes and categories. 21 Of these 166 countries, 138 countries have all data inputs necessary for our projections (appendix pp 5-6). We directly calculated the macroeconomic burden of road injuries for these 138 countries using the health macroeconomic model described in detail in Bloom et al 18 and in the appendix (pp 2-5). In applying the model, we first recognised that injuries from road accidents affect the economy through the loss of effective labour supply due to mortality and morbidity. Higher injury-induced mortality rates reduce the population, and therefore the number of working-age individuals, and non-fatal injuries reduce productivity and increase absenteeism. Additionally, a certain share of household resources is diverted from savings to finance out-of-pocket treatment costs. At the same time, insurance-funded coverage of road injury treatment costs translates into higher private health insurance premia and public health insurance taxes. Both channels lead to a loss of aggregate savings or investment across the population and hamper economy-wide physical capital accumulation. However, any shifts from consumption into health care do not count as a loss, because they are simply a sectoral reallocation of resources within a full-employment economy, of which the health-care sector forms a part. In other words, health system costs are costs for services provided that have a return to the economy: for example, salaries for nurses and physicians, returns to investments in building hospitals and training residents, or returns to providers of medical devices and pharmaceuticals. In our model, these are not losses but rather part of the economic cycle.
To quantify the macroeconomic burden of road injuries, we compared aggregate output (GDP) across the following two scenarios over the period 2015-30: the status quo scenario, in which no interventions are implemented that could reduce the mortality rate of road injuries relative to current and projected rates, and a counterfactual scenario, in which we assumed the complete elimination of road injuries at zero cost. We then calculated the macroeconomic burden of road injuries as the cumulative difference in projected annual GDP between these two scenarios. Although the baseline estimates are undiscounted, we also provide the figures subject to discount rates of 2% and 3%.
Data sources
We considered data for 166 countries and for a set of World Bank regions. The GDP projections for the status quo scenario and the saving rate are taken from the World Bank's database. [22] [23] [24] The mortality and morbidity data (years of life lost due to premature mortality and years lost due to disability) are from GBD 2017. 21 We relied on the International Labour Organization for agespecific labour force projections, 25 the Barro-Lee education database for age-specific data on average years of schooling, 26 and a 2014 World Bank report for returns on education. 27 Using these data sources, we calculated human capital according to the Mincer equation 28 and inferred the experience-related human capital component from the corresponding estimates of Heckman and colleagues. 29 The physical capital data are taken from the Penn World Table projections, 30 with the value for the output elasticity of physical capital (the percentage change in output for a 1% change in the physical capital stock) following standard economic estimates. 31 The total treatment cost of road injuries in the USA is based on the Cost of Injury Reports from the Centers for Disease Control and Prevention; 32 their total treatment cost estimate includes the medical cost for fatal injuries, non-fatal hospitalised injuries, and non-fatal emergency department visits due to road accidents. We calculated the per case costs for the countries with data (ie, the USA) and extrapolated costs for countries without data, under the assumption that the per case costs are proportional to the per capita health expenditure. This technique has been used in previous studies. 33 assumptions and other parameter values and data sources used in the macroeconomic model are provided in the appendix (pp 5-6). To make estimates among countries comparable, all costs were converted to US$ with 2010 constant prices. For 28 countries, some data (mostly on education, physical capital, and the saving rate) are incomplete, although reliable data are available on GDP and the mortality and incidence of road injuries. We used a linear projection to approximate the economic burden of road injuries for these countries (appendix pp 6-7).
Sensitivity analysis
We also did sensitivity analyses (for the 138 countries that had all the data necessary to compute the costs directly on the basis of our model; appendix p 7) by varying the mortality and morbidity rates. The baseline estimates were calculated with the mean mortality and morbidity data from GBD. In the sensitivity analysis, best-case and worst-case estimates were calculated on the basis of the lower and upper bounds of GBD mortality and morbidity data. In the main analyses, we provided the undiscounted estimates following previous studies. 18, 20, 33 In additional analyses, we also presented the discounted estimates for each country by World Bank region and by World Bank income group, assuming a discount rate of 2% and 3%.
Role of the funding source
The funder had no role in the data collection, study design, analysis, interpretation, writing of the manuscript, or the decision to submit. The corresponding author had full access to all the data and had final responsibility for the decision to submit for publication.
Results
We calculated the macroeconomic burden of road injuries as the difference in total GDP in 2015-30 between the status quo scenario and the counterfactual scenario (in which all road accidents are eliminated) for the 138 countries with complete data, representing more than 90% of the world's population (table 1). We also calculated the indirect estimates for the 28 countries for which we did not have full data (appendix p 7) and the discounted estimates (appendix pp 7-10). Among all countries, the USA has the largest economic burden of road injuries of $487 billion, followed by China ($364 billion) and India ($101 billion; figure 1 ). In terms of percentage of GDP, Yemen (0·33%) and Oman (0·32%) have the largest burden ( figure 2) , whereas the per capita figures are highest in Luxembourg with $1465, the USA with $1444, Ireland with $1081, and Norway with $1052.
Globally, we estimated the macroeconomic loss of road injuries to be $1·797 trillion over 2015-30 (table 2) . This number is $1·460 trillion if discounted at 2% or $1·317 trillion if discounted at 3% (appendix pp 10-11). Our result implies that the burden of road injuries is equivalent to an annual tax of 0·12% on global output, with an average per capita burden of $231. By World Bank region, the aggregate macroeconomic burden of road injuries is highest in east Asia and the Pacific with a total economic loss of $560 billion (table 2) . North America has the second largest aggregate total economic loss of $515 billion, but the highest per capita loss of $1370 (table 2) . This loss corresponds to an annual tax of 0·15% on the region's aggregate output. The economic burden of road injuries increases as the income group escalates: high-income countries bear the greatest burden with a total economic loss of $963 billion and a per capita loss of $779 (table 2) . By contrast, road injuries cost low-income countries $11 billion in total and $14 per person (table 2). In terms of percentage loss of (cumulative) GDP, all countries have a relatively similar burden: 0·106% of GDP for high-income countries, 0·120% for low-income countries, and 0·138-0·144% for middle-income countries (table 2). Discounted estimates by World Bank region and World Bank income group are shown in the appendix (pp 10-11).
Road injuries resulted in 70 million disability-adjusted life-years (DALYs) worldwide in 2015. 21 The economic burden is not distributed in proportion with population size and DALYs (table 3) . For example, south Asia accounts for 23·8% of the DALYs, but only 6·7% of the economic loss, whereas North America accounts for only 3·9% of the DALYs, but 28·6% of the economic loss (table 3) . Notably, despite the relatively low economic burden of road injuries in low-income and middleincome countries (46·4% of the global economic loss), the disease burden, as measured in DALYs, is very large (89% of global DALYs; table 3).
We also explored the importance of treatment costs in the economic burden of road injuries. A previous empirical analysis 35 produced a bell curve when plotting traffic fatalities against GDP. Given that accident and No data injury rates are not declining with income, the downward segment of this curve seems to be mostly due to better life-saving treatments in high-income countries. This disparity might also be evident in treatment costs, where countries with a higher income conceivably face a higher burden. Our results show that treatment costs account for a greater proportion of the total economic burden in high-income countries than in low-income countries. In high-income countries, physical capital loss (because a proportion of the costs of treating road injuries could have gone into savings if no road injury had occurred) accounts for 31·5% of the total economic burden due to road injuries, but this number decreases to 13·9% for upper-middle-income countries, 6·2% for lower-middleincome countries, and 3·9% for low-income countries (appendix p 11).
Discussion
This study estimates the macroeconomic burden of road injuries for 166 countries and shows that between 2015 and 2030, road injuries will cost the world economy $1·8 trillion through a combination of diversion-healthcare expenditures that would otherwise have been used for savings or investment-and losses in employment due to mortality and morbidity. This figure is more than the aggregate GDP of Canada (the world's tenth largest economy) in 2017. 36 The economic burden of road injuries is equivalent to an annual tax of 0·12% on global GDP during this period.
The health and economic burdens of road injuries are distributed unequally across countries and regions. Of the 70 million DALYs lost to road injuries worldwide in 2015, nearly 90% occurred in low-income and middleincome countries. This distribution might be due to a higher proportion of vulnerable road users (including pedestrians, cyclists, and riders of motorised two-wheelers and their passengers) in lower-income countries. 37 Moreover, low-income countries are more likely to lack good-quality prehospital care, the mandatory use of seatbelts for drivers and helmets for motorcyclists, appropriate speed limits, and effective laws against drunk driving. 37 Responsive policy strategies for low-income and middle-income countries could include improving road conditions, lighting, traffic lights, and signage, building paved and level roads with more clearly demarcated traffic lanes, installing dedicated bike lanes, pedestrian crossings, and raised and protected pavements, enforcing the mandatory use of seatbelts in cars and helmets for motorcyclists, establishing laws against drunk driving, vehicle inspection laws, and specific speed limits appropriate to the type of road, and strengthening traffic law enforcement overall.
Despite the large burden in terms of DALYs, the economic burden of road injuries in low-income and middle-income countries only accounts for 46·4% of the global economic cost. The disparity relates to differences in economic development. First, the workforce in high-income countries is typically better educated, which implies that, for the same loss of DALYs due to road injuries, the loss of human capital will be larger. Second, high-income countries have advanced healthcare systems (eg, in terms of ambulance response times and accident and emergency departments), implying a smaller loss of DALYs due to lower morbidity and mortality associated with road injuries, but also much greater treatment costs. Our results show that physical capital loss due to diversion of savings to pay for treatment has a more important role in high-income countries than in low-income countries. More than 30% of the total economic burden due to road injuries comes from physical capital loss in high-income countries, whereas physical capital loss accounts for less than 5% of the total economic burden in low-income countries. Although the economic burden of road injuries on low-income countries is relatively light at present, it is likely to rise in the course of economic development if growth in motorisation and traffic density outpaces development of infrastructure and law enforcement levels. [38] [39] [40] Promotion of the use of self-driving cars might be a potential solution for reducing road accidents and lowering the burden of road injuries. Articles in The Economist 41, 42 and findings by the Boston Consulting Group 43 argue that 90-94% of all accidents are due to human error and are, therefore, preventable through the use of self-driving cars. We calculated the potential cost savings from the adoption of autonomous cars by considering a conservative scenario of a 50% reduction in accidents and an optimistic scenario of a 90% reduction in accidents (as determined by The Economist and by the Boston Consulting Group). In the conservative scenario, autonomous cars could save $0·9 trillion at a global level, whereas savings of $1·6 trillion were produced in the optimistic scenario. However, because a country's infrastructure must be well developed to use self-driving vehicles successfully, promotion of their use might only be possible in high-income countries in the near future. The scientific research on autonomous cars and accident prevention is in its infancy; autonomous cars, for example, might lead to greater traffic density such that the number of accidents could increase.
Our model has several limitations (appendix pp 11-13). First, we had to rely on imputations to calculate road injury-related health expenditures. This could either underestimate or overestimate the country-specific treatment cost of road injuries. However, this technique is a widely used approach to deal with lack of data and has also been adopted in other studies calculating the economic burden of other health outcomes. 33, 34 Second, owing to missing data, we had to impute the economic burden of road injuries for a subset of 28 of 166 countries. However, this does not substantially compromise our results, given that the 138 countries for which we had complete data cover more than 90% of the world population. Third, we did not account for the behavioural changes of family members, including their participation in the labour force when traffic accidents happen. Nevertheless, our analysis has many strengths and is a first step in understanding the global macroeconomic burden of road injuries using a simulation model rigorously grounded in dynamic macroeconomic theory.
This study shows that high-income countries have the largest macroeconomic costs of road injuries, whereas low-income and middle-income countries bear sizeable health burdens. The fact that low-income and middle-income countries bear the majority of the human toll underscores the need for improvements on multiple fronts, including infrastructure, law enforcement, public awareness, and emergency response systems. Otherwise, as these countries develop, the human cost they already bear will be accompanied by economic hardship.
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